Red clover (Trifolium pratense) contains soluble phenolic compounds with roles in inhibiting proteolysis and ammonia production. Alfalfa (Medicago sativa) has been found to have a low phenolic content, but few alfalfa and red clover cultivars have been compared for phenolic content. Total soluble phenolics were quantified by a Folin-Ciocalteu colorimetric assay in nine red clover and 27 alfalfa cultivars. Mean total phenolic contents of red clover and alfalfa were 36.5 ± 4.3 mg/gdw and 15.8 ± 1.4 mg/gdw, respectively, with the greater standard deviation of red clover possibly indicating more diversity in phenolic content. Because different phenolic standards had different response factors in the colorimetric assay, the red clover and 11 alfalfa cultivars were analyzed by HPLC to determine if the differences in total soluble phenolics between genera reflected differences in the amounts of phenolics or in the classes of phenolics responding to the colorimetric assay. Two red clover cultivars differed in total phenolics and phaselic acid. Alfalfa produced different phenolic compounds from red clover, at lower concentrations. Extracts of two red clover cultivars were separated by thin-layer chromatography (TLC), and the bands were assayed for activity against Clostridium sticklandii, a bovine ruminal hyper ammonia-producing bacterium (HAB). Only biochanin A had anti-HAB activity. Inhibitory amounts indicated that five red clover cultivars could be suitable sources of anti-HAB activity.
Alfalfa (Medicago sativa L.) and red clover (Trifolium pratense L.) are leguminous forage species frequently grazed by ruminants. Red clover generally undergoes less proteolysis within the rumen of this class of livestock than alfalfa, thus allowing more protein to reach the small intestine, where it may be absorbed and utilized for growth [1] . This decreased proteolysis is attributed to red clover's relative abundance of o-diphenols and polyphenol oxidase (PPO), which are present at very low concentrations in alfalfa [2, 3] . The odiphenols are oxidized to quinones by PPO and then react with proteins, forming adducts resistant to proteases [4] . Phenolics may also interact directly with proteases [5, 6] . In addition, red clover produces biochanin A (Figure 1, structure 2) , an isoflavonoid inhibitor of ruminal hyper ammonia-producing bacteria (HAB), which convert amino acids into ammonia before they can be utilized for growth by the ruminant [7, 8] . Thus, red clover phenolic compounds protect against both proteolysis and wasteful amino acid fermentation.
Analyses of ruminal protein degradation in fresh herbage have been made on numerous cultivars of red clover [1] and alfalfa [9] . In vitro studies of protein degradation coupled to o-diphenol content have been made on fewer cultivars of red clover or alfalfa [2, 6, 10, 11] . Although the studied cultivars of alfalfa accumulate minimal amounts of o-diphenols that can be PPO substrates [3] , few alfalfa and red clover cultivars have been compared for phenolic content. To examine more broadly the relationship among phenolic compounds, proteolysis, and amino acid fermentation, nine red clover and 27 alfalfa cultivars were analyzed colorimetrically for total phenolic content. The red clover and selected alfalfa cultivars were analyzed by high-performance liquid chromatography (HPLC). Two commercial red clover cultivars were tested for the presence of compounds inhibitory to ruminal HAB. Four phenolic standards differed up to 3-fold in their response to the colorimetric assay used to determine total phenolic content ( Table  1) . Caffeic acid, with the lowest response factor, was used as a standard for sample assays because much of the phenolic content of red clover was expected to consist of caffeic acid derivatives [12] .
Mean ± standard deviation (SD) of total phenolic content of the red clovers was 36.5 ± 4.3 mg/gdw ( Table 2 ). Because this study was a broad survey of cultivars, analysis of most red clover and alfalfa cultivars was made on material from a single field plot. Experimental cultivars 4 and 5, which were analyzed with samples extracted from field replicates (two plots each), were compared with a Student's t-test, and means did not differ (P = 0.74). Extracts of four subsamples of experimental cultivar 4 had a mean ± SD of 39.5 ± 0.6 mg/gdw, or a relative SD (RSD) of 1.5%, as the betweensample variation due to extraction.
HPLC revealed that all the red clover cultivars had profiles similar to that of Figure 2A , with the same peaks present. Mean total phenolic content was 8.8 ± 1.0 mg/gdw ( Table 2 ). Experimental cultivars 4 and 5 differed (P=0.041), with cultivar 5 having 1.3 times the total phenolic content of cultivar 4 ( Table 2 ). Betweensample variation of the four subsamples of experimental cultivar 4 mentioned previously was 5.6%. The 4-fold difference in colorimetric and HPLC results for total red clover phenolics ( Among the red clovers ( Table 2) , about 20 to 30% of the phenolic content consisted of phaselic acid (Figure 1 , structure 8) and clovamide ( Figure 1, structure 7 ). Both compounds are associated with protection from proteolysis: phaselic acid is a PPO substrate [10] , and clovamide binds to proteins in the presence or absence of PPO [15, 16] . About 30% of the red clover phenolics consisted of unidentified isoflavones, and 40 to 50% consisted of formononetin ( Figure 1 , structure 1), biochanin A, and the glucosides and malonylglucosides of formononetin and biochanin A ( Figure 1 , structures 3 to 6). Formononetin is a phytoestrogen that can cause reproductive problems in ewes [17] , and biochanin A can inhibit ammonia production by HAB [7, 8] . The formononetin and biochanin A glycosides were more abundant than the aglycones (Figure 2A ), indicating that minimal changes occurred in the tissues during sample processing [18] . Phaselic acid was more abundant in experimental cultivar 5 than in cultivar 4 (P=0.035, Table 2 ), suggesting that cultivar 5 may be worth examining more closely as a source of compounds inhibiting proteolysis.
The mean ± SD of total phenolic content of the 27 alfalfa cultivars was 15.8 ± 1.4 mg/gdw by the F-C assay (Table 3) , or 37% of the mean total phenolic content of the red clover cultivars (P < 0.0001). The 'Tunica' cultivar, based on the means of two experimental plots, differed from other cultivars extracted from duplicate plots (P < 0.05), with about 75% of the phenolic content of the other replicated cultivars. The SD of colorimetrically determined total phenolic content in alfalfa was 33% of the SD of red clover total phenolic content ( Table 2) . This smaller SD, and hence smaller variance, suggests that alfalfa, in general, may vary less than red clover in the kinds and amounts of phenolics present.
Given the different response factors among standards (Table 1) , it seemed possible that the colorimetrically determined difference in alfalfa and red clover total phenolic content might not reflect a simple numeric difference. Rather, red clover might contain phenolic compounds having a greater response factor in the F-C assay than the alfalfa phenolic compounds. HPLC of 11 alfalfa cultivars revealed peaks different from those found in red clover, and in smaller concentrations ( Figure 2B ). Profiles differed from those obtained in other studies [19, 20] . However, the phenolic content of alfalfa may vary, and the extraction and HPLC methods, which were developed for red clover, may not be optimal for alfalfa.
Relative absorbances of five consistently present peaks, compared at 270, 300, and 330 nm, indicated that they were flavonoids [21] . The flavonoids were expected to be glycosides of luteolin ( Figure 1 , structure 9; [22] ) or apigenin [19, 22] , but hydrolysis did not confirm their identity. Mean total phenolic content in the 11 alfalfa cultivars, based on the five putative flavonoid peaks, was 0.37 ± 0.14 mg/gdw (Table 3) . This value is about 2% of the colorimetrically determined total phenolic content of alfalfa. This difference between results obtained by the two methods may indicate poor recovery from the partitioning done prior to HPLC, as mentioned in the case of red clover. Also, given the high response factor of apigenin in the F-C assay ( Table 1) , some alfalfa phenolics may have had a strong response in the F-C assay and thus inflated the colorimetrically determined values. Among the alfalfa cultivars extracted in duplicate, Tunica had the highest HPLC-determined total phenolic content ( Table 3 ).
Due to the low phenolic content (relative to red clover) of alfalfa extracts analyzed by HPLC, none was assayed for anti-HAB activity against Clostridium sticklandii. Red clover cultivars 'Kenland' and 'Cinnamon Plus' were assayed because they were commercially available cultivars and hence of most value for growers. (The "Common" cultivar varies among suppliers because it consists of an undefined mixture of varieties.) When Kenland and Cinnamon Plus were separated by thin-layer chromatography (TLC), the number of Red clover and alfalfa phenolics Natural Product Communications Vol. 10 (7) 2015 1265
bands resolved from the origin and from each other in solvent A was greater than in solvent B or in EtOAc-MeOH 4:1 [12] . Improved band resolution eliminated potential masking of antimicrobial compounds by superposed inactive compounds. However, only zone a ( Figures 3A and 3B) , containing biochanin A [12] , inhibited growth of C. sticklandii seeded in basal media ( Figure 3C ). The more polar glycosides of biochanin A, which accounted for >90% of the biochanin A in the extract (Table 2) , had no anti-HAB activity. Glycosides of phenolics are sometimes less biologically active than aglycones [23] . The inhibitory amounts of biochanin A (aglycone) assayed were 5.1 nmol (1.4 µg) in Kenland, and 2.0 nmol (0.57 µg) in Cinnamon Plus. Therefore, Cinnamon Plus, like Kenland [7, 8, 12, 24] , contains enough biochanin A to inhibit C. sticklandii SR, and biochanin A is even more potent than found previously. Other cultivars with biochanin A concentrations in this range were experimental cultivars 1, 2, and 5 ( Table 2 ). In the rumen, however, glycosides may be hydrolyzed by bacterial enzymes, thus providing greater amounts of the aglycone to inhibit HAB. Furthermore, other antimicrobial compounds that are native to the rumen, such as bacteriocins, appear to be potentiated by the aglycone [8] , which suggests that in vivo biological activity could be underestimated.
In summary, where experimental replicates existed, total phenolics differed within forage species. Two experimental red clover cultivars differed in total phenolics and phaselic acid determined by HPLC. The large SD (relative to alfalfa) of total colorimetrically determined phenolic content among all red clover cultivars suggests that the other cultivars may be worth examining in replicated field studies for phenolics protecting against proteolysis or ammonia production. Two red clover cultivars contained enough biochanin A aglycone to inhibit a strain of bovine ruminal HAB in vitro, and three more had biochanin A aglycone concentrations within this inhibitory range. Variation among six experimentally replicated alfalfa cultivars suggests that their phenolic profiles should be examined more closely, as well as PPO, because even a small amount of PPO and PPO substrates may provide significant protection against proteolysis [6] . Future work on alfalfa antiproteolytic and anti-HAB activity will necessitate extracting larger amounts of plant material to determine if any of the alfalfa cultivars from this study contain compounds inhibiting proteolysis or ammonia production, or capable of potentiating anti-HAB activity. [25] . Plants were transported on ice to storage at -20 °C, freeze-dried, and sequentially ground through a 4-mm and then a 1-mm mesh screen, respectively (Cyclotec sample mill, FOSS North America, Eden Prairie, MN, USA).
Reagents and chemicals:
The Folin-Ciocalteu reagent and diethyl ether (Et 2 O) were purchased from Sigma-Aldrich (St. Louis, MO, USA), as were biochanin A and the reagents for the antimicrobial assay [24] . Ethyl acetate (EtOAc), acetic acid (HOAc), and hydrochloric acid (HCl) were from Thermo Fisher Scientific (Waltham, MA, USA), methanol (MeOH) from EMD Millipore (Billerica, MA, USA), and clovamide (caffeoyl 3-hydroxy-Ltyrosine) from Santa Cruz Biotechnology (Dallas, TX, USA). Phaselic acid (caffeoyl malic acid) was a kind gift from Drs Wayne Zeller and Paul Schatz (USDA-ARS Dairy Forage Research Center, Madison, WI, USA), and its synthesis has been described [26] . Formononetin, formononetin 7-O-glucoside (ononin), and biochanin A 7-O-glucoside (sissotrin) were from Indofine Chemical Company (Hillsboro, NJ, USA). 
Extraction of soluble phenolic compounds:
Samples (0.25 g) were sonicated and filtered as described previously [12] , except that after sonication in extraction solvent (85% MeOH in 0.5% acetic acid) and addition of 3 mL water, extracts were centrifuged for 8 min at 25°C and 2200 g. Also, 6 mL of centrifuged extract was filtered through a hydrophilic polypropylene membrane. The filtrate was acidified, partitioned, and dried as described previously [12] , except for 0.5 to 0.7 mL set aside for colorimetric assays.
Colorimetric assays for total phenolic content: The colorimetric (Folin-Ciocalteu, F-C) assay followed the method of Tsao and Yang [14] , except for the volumes used and possibly the order in which reagents were mixed. Sodium carbonate monohydrate (0.64 mL of a 0.71 M solution) was added to microfuge tubes. After mixing with 0.16 mL of the standard or filtered forage extract, 0.8 mL of a 10fold dilution of Folin-Ciocalteu phenol reagent was added. Contents were vortexed, and tubes were incubated in the dark for 30 min before absorbances were read at 765 nm on a spectrophotometer (model DU-800, Beckman Coulter, Brea, CA, USA). A 6-point standard curve of caffeic acid (0 to 0.7 mM), in the same solvent mixture as the extracts, was prepared on each assay date. To keep readings within the range of the standard curve, extracts were diluted 5-to 10-fold.
HPLC analysis of red clover and alfalfa extracts:
The partitioned, dried extracts were resuspended in MeOH (2.0 mL for red clover extracts, or 1.5 mL for alfalfa extracts). Red clover extracts were diluted 4-fold in MeOH and aqueous acetic acid (final composition 60% MeOH in 0.35% aqueous acetic acid), while alfalfa was diluted 1.7-fold. Samples (15 µL) were separated by HPLC as described previously [12] , but with the following gradient (solvent A=1.5% acetic acid, solvent B=MeOH): 0-1 min 12% B, 1-66 min linear gradient to 77% B, 67-79 min 100% B, 80-108 min 12% B. Red clover peaks were identified by comparing retention times with those of standards of formononetin, biochanin A, their corresponding glucosides, phaselic acid, and clovamide. The formononetin and biochanin A glucoside malonates were identified by hydrolyzing for 1 h at 80-85 °C and looking for an increase in glucosides and corresponding decreases in the prominent malonylglucosides [27] . Clovamide and phaselic acid were quantified as equivalents of caffeic acid, and isoflavonoids were quantified as equivalents of biochanin A. Total phenolic content was expressed as the sum of concentrations of the identified compounds plus some unidentified putative isoflavonoids (absorbance maximum near 270 nm). In alfalfa, to determine relative absorbances that would help to identify the classes of phenolic compounds present, selected samples were separated with UV detection at 300 and 330 nm, as well as 270 nm. Consistently present peaks with an absorbance minimum at 300 nm, and maxima at 270 and 330 nm, were considered likely to be flavones [21] and quantified as equivalents of apigenin.
Statistical analysis:
Student's t-tests were analyzed with JMP version 10 (The SAS Institute, Cary, NC, USA). The total phenolic content of red clover and alfalfa were compared using Proc Mixed in SAS, with cultivar considered a random, nested factor.
TLC separation of extracts and assay for activity against ruminal hyper ammonia-producing bacteria (HAB):
Extracts were resuspended in 300 µL MeOH, and 20 µL was loaded as a narrow band onto fluorescent aluminum-backed silica TLC plates (EMD Chemicals, Billerica, MA, USA), 0.2 mm thick and cut to 10 × 7 cm size. Plates were developed in either solvent A (EtOAc-acetone-CH 2 Cl 2 -MeOH-water 20:15:6:5:4, v/v/v/v/v; [28] ) or solvent B (EtOAc-hexanes 9:1, v/v). Bands were visualized under short-wave UV light (254 nm), and plates were photographed (Foto/Analyst FX photodocumentation system, Fotodyne, Hartland, WI, USA). Bands were assayed against Clostridium sticklandii SR as described previously [12, 24] . The C. sticklandii media was prepared as described by Kagan and Flythe [24] .
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